Objectives: Carbon monoxide (CO) can confer anti-inflammatory protection in rodent models of ventilator-induced lung injury (VILI). Caveolin-1 exerts a critical role in cellular responses to mechanical stress and has been shown to mediate cytoprotective effects of CO in vitro. We sought to determine the role of caveolin-1 in lung susceptibility to VILI in mice. Furthermore, we assessed the role of caveolin-1 in the tissue-protective effects of CO in the VILI model.
M echanical ventilation is commonly used in the clinical management of respiratory failure. Despite recent progress in reducing mechanical ventilation-associated mortality by using lower tidal volumes in patients (1) , ventilator-induced lung injury (VILI) remains a major problem in the intensive care unit. Ventilator-associated lung injury arises from cyclic stretch to the lung imposed during mechanical ventilation, which disrupts cellular membranes, in-creases oxidative stress, induces proinflammatory cascades, and may subsequently lead to multiple-organ failure (2) . Therefore, supplementary therapeutic options, other than modulation of the ventilator setting, need to be developed to minimize VILI.
Over the last decade, carbon monoxide (CO) has been explored as a potential therapeutic agent in many disease models. Despite its noxious properties at elevated concentration, application of low-dose CO exerts anti-inflammatory, antiprolifera-tive, antiapoptotic, and antioxidative effects in preclinical models of inflammation, sepsis, ischemia/reperfusion-injury, and transplantation, among others (reviewed in Refs. [3, 4] ). The organprotective action of inhaled CO is particularly effective in animal models of lung injury and disease. For instance, hyperoxic lung injury or bleomycin-induced pulmonary fibrosis was diminished in response to CO treatment in rodents (5, 6) . Our laboratory previously demonstrated potent anti-inflammatory effects of inhaled CO in VILI using the combination of high-tidal volume ventilation and bacterial lipopolysaccharide treatment in a rat model (7) . However, the mechanism(s) by which CO prevents VILI remain incompletely understood.
CO potentially acts by modulating intracellular signal transduction pathways depending on the injury model. For example, guanylate cyclase-dependent production of cyclic-guanosine monophosphate has been implicated in the vascular effects of CO, whereas mitogen-activated protein kinases, and peroxisome proliferator-activated receptor-␥, among others, have been implicated in the anti-inflammatory effects of this gas (8, 9) . Recently, we found that the antiproliferative effect of CO in smooth muscle cells was mediated by caveolin-1 (10) .
Caveolin-1, a 22-kDa protein, is the major structural protein of caveolae, small 50 -100 nm flask-shaped invaginations of the plasma membrane. Caveolae, which occur abundantly in lung endothelial cells, type I pneumocytes, murine alveolar macrophages, and fibroblasts, facilitate endocytosis (11, 12) . This mechanism is of major importance for the uptake of proteins into cells and the first step of transporting proteins through cellular barriers (transcytosis). For instance, caveolae-mediated transcytosis is thought to be the primary mechanism of carrying albumin across continuous endothelial cell barriers (13) . Impaired clearance of proteins plays a pivotal role in lung edema and lung injury, and worsens outcome (14) . In addition to inducing the biogenesis of caveolae, caveolin-1 plays a pivotal role in mediating signaling pathways involved in inflammation (12, 15) . Interestingly, caveolin-1 has also been shown to mediate cell stretch-related effects in endothelial cells (16) . To date, this has not been studied in lung epithelial cells, which are compromised by cyclic stretch during mechanical ventilation.
To explore the significance of caveolin-1 in the lung during mechanical ventilation and to define its role in the protective effects of CO on VILI, we have used a mouse model of VILI at physiologically relevant tidal volumes. In this study, we demonstrate that CO reduces lung injury after mechanical ventilation, and that this protective effect depended on induction of caveolin-1. Furthermore, we demonstrate that caveolin-1 null mice are more susceptible to VILI. Our results implicate that caveolae represent essential cellular structures that limit stretchinduced injury.
MATERIALS AND METHODS
Animals. All animals were housed in accordance with guidelines from the American Association for Laboratory Animal Care. The Animal Care and Use Committee of the University of Pittsburgh approved the protocols. Male C57/BL6 mice (wild type [wt]) (Jackson Laboratories, Bar Harbor, ME) or caveolin-1 deficient (cav-1 Ϫ/Ϫ ) mice (Taconic, Hudson, NY) were anesthetized with ketamine (80 mg/kg, intraperitoneally) and acepromazine (1 mg/kg, intraperitoneally), and placed on a heating pad. A polyethylene catheter was inserted into the left carotid artery for direct blood pressure monitoring and blood gas sampling, and a tracheostomy was established using a 20-G catheter. A rodent ventilator (Voltek Enterprises, Toronto, Canada) was set to a tidal volume of 12 mL/kg body weight, frequency of 80/minute, positive end-expiratory pressure of 2 cm H 2 O, and connected to the tracheal canula. Muscular relaxation was achieved by applying pancuronium 2 mg/kg, intraperitoneally. A 0.7-mL saline bolus was injected intraperitoneally to compensate for evaporation during ventilation. Animals were randomized to receive ventilation with room air or room air supplemented with CO at a concentration of 250 parts per million for 8 hours. Control animals were sham operated and ventilated shortly for 5 minutes. Blood samples were withdrawn from control animals after 5 minutes and ventilated animals at 1 hour after onset of mechanical ventilation, and blood gases were measured using an automated blood gas analyzer (ABL5, Radiometer, Bronshoi, Denmark). Blood gases revealed a mean pH 7.31 Ϯ 0.004, PO 2 82 Ϯ 1.5 mm Hg, and 34 Ϯ 0.4 mm Hg without differences between groups. After 8 hours of mechanical ventilation, the animals were killed. Tissue and blood samples were snap frozen for subsequent analysis. To investigate the time course of cav-1 expression, additional animals (n ϭ 2/group) were ventilated with or without CO for 1 or 4 hours.
Bronchoalveolar Lavage. At the end of each experiment, a bronchoalveolar lavage (BAL) was performed using 0.8 mL phosphatebuffered saline. The recovered volume was centrifuged and the supernatant analyzed for protein concentration (Biorad Assay, Biorad, Hercules, CA). Furthermore, the pellet was redissolved in phosphate-buffered saline and subsequently the total number of cells and the fraction of neutrophils were determined.
Polymerase Chain Reaction. The right lower lung lobe was homogenized in TRIZOL to extract total RNA. Caveolin-1 messenger RNA was determined with a forward primer 5Ј-TTCAGGGAGGGGTGTCA-3Ј and a reverse primer 5Ј-AAAGTAGGTAGCAGGTTGGTAAAG-3Ј. GAPDH was used as the standard gene with a forward primer 5Ј-ACCACAGTCCATGCCAT-CAC-3Ј and a reverse primer 5Ј-TCCACCCT-GTTGCTGTA-3Ј. To analyze the linear range of amplification, 23 cycles were used. Polymerase chain reaction samples were run on a 1% agarose gel containing ethidium bromide and photographed. Densitometric analyses were performed using ImageJ software (National Institute of Health, www.rsb. info.nih.gov).
Immunoblotting. The right upper lung lobe was homogenized in 30 mM Tris base including complete protease inhibitors (Roche Diagnostics, Mannheim, Germany). After de-termination of the protein content, equal amounts were loaded onto a 4% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA) and blotted onto a nitrocellulose membrane. The membranes were incubated with caveolin-1 (1:2000, sc-894, Santa Cruz, Santa Cruz, CA) overnight at 4°C. After several washing steps, membranes were incubated for 1 hour with the appropriate secondary antibody, detected (Supersignal, Peirce, Rockford, IL), and exposed to radiographic films. Reblotting the membranes with ␤-actin (Sigma, St Louis, MO) served to control for equal loading and transfer.
Immunohistochemistry. Immunostaining of lung tissue was performed in the left lung lobe that was infused with Tissue-Tek optimal cutting temperature compound (Sakura, Torrance, CA) and stored at Ϫ80°C. Cryosections were subjected to hematoxylin and eosin staining. Caveolin-1 staining and confocal single cell microscopy were conducted using the above-mentioned antibody (1:50). Secondary antibody and immunofluorescence staining were conducted according to the Center of Biological Imaging protocol (CBI, Pittsburgh, PA, www.cbi.pitt.edu). The color green indicates caveolin-1, red indicates f-actin/phalloidin, and blue (4'-6-amidino-2-phenylindole) indicates nuclei.
Cytokine/Chemokine Measurements. BAL aliquots were analyzed using interleukin (IL)-6 and macrophage inflammatory protein (MIP)-2 enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Statistical Analysis. Data represent means Ϯ SEM for n ϭ 6/group. Statistical analyses were performed using the analysis of variances for multiple group comparison and the Student-Newman-Keuls post hoc test (Sigmastat statistical software, Systat, Erkrath, Germany). For a two-group comparison, the Student's t test was used to compare parametric data and the Mann-Whitney rank sum test to compare nonparametric data. A p value of Ͻ0.05 was considered significant.
RESULTS

Effect of Ventilation and CO on Lung
Injury. We used a total of 62 male C57/ BL6 mice for this study. Ventilation of wt mice with 12 mL/kg led to a significant increase in BAL protein concentrations after 8 hours, relative to control animals ( Fig. 1A) . Furthermore, BAL cell count and the percentage of neutrophils were notably elevated as a result of ventilation ( Fig. 1B and C) . In sharp contrast, the presence of CO (250 parts per million) during ventilation substantially diminished these injury markers ( Fig. 1A -C) indicating that CO protected the lung from VILI.
Effect of Ventilation and CO on
Caveolin-1 Expression. Next, we investigated the underlying mechanism(s) that mediate the protective effects of CO application during mechanical ventilation. Recent in vitro experiments by our group have demonstrated that certain protective effects of CO are transduced by caveolin-1 (10) . Therefore, we analyzed the effect of ventilation in the absence and presence of CO on the regulation of caveolin-1. To quantify the modulation of caveolin-1 by ventilation or CO administration, polymerase chain reaction and immunoblots for caveolin-1 were performed using lung tissue homogenates. Figure 2 demonstrates increased accumulation of caveolin-1 messenger RNA in response to mechanical ventilation that was even further up-regulated in COtreated animals ( Fig. 2A and B) . The transcriptional upregulation of cav-1 was paralleled by increased protein synthesis that was detected by Western blot analysis ( Fig. 3A and B) . To investigate the time course of cav-1 expression by ventilation and CO treatment, additional animals were ventilated for 1 and 4 hours. Our results demonstrated an increased cav-1 protein synthesis as early as 4 hours after the onset of CO inhalation (Fig. 3C ).
As shown in Figure 4 with immunofluorescence microscopy and confocal single cell microscopy, caveolin-1 (green immunofluorescence) was abundantly expressed in epithelial cells of untreated animals ( Fig. 4A and D, arrow). Ventilation of these animals with 12 mL/kg for 8 hours further increased caveolin-1 staining ( Fig. 4B and E) . Most interestingly, the administration of CO clearly upregulated caveolin-1 in lung parenchymal cells ( Fig. 4C and F) .
Effect of Caveolin-1 Deficiency on Lung Injury. First, we confirmed cav-1 gene depletion in the knock-out animals ( Fig. 5A ). Next, we determined the degree of lung injury in cav-1 Ϫ/Ϫ mice as a result of 8 hours of mechanical ventilation ( Fig. 5B and C) . Under control conditions, a slight increase in BAL protein concentrations was present in cav-1 Ϫ/Ϫ animals. However, in these mice neither protein concentration nor total cell count was statistically different from wt mice. These results on lung injury parameters exclude the possibility that cav-1 Ϫ/Ϫ mice might present severe pre-existing lung tissue damage (17) . After mechanical ventilation, caveolin-1 deficiency led to a substantial increase of BAL protein and cell counts compared with wt animals. Although CO exerted protective effects in wt mice and decreased the protein leakage and cellular infiltration, this protection was absent in cav-1 Ϫ/Ϫ mice ( Fig. 5B and C). The protective effects of CO inhalation in wt and the deleterious consequences of cav-1 deficiency were evident by hematoxylin and eosin staining of lung sections (Fig. 6 ). In wt, hematoxylin and eosin staining of control lungs showed no obvious signs of lung injury (Fig. 6A ). However, ventilation led to significant lung damage reflected by thickening of alveolar septae and infiltration of proinflammatory cells (Fig. 6B ). In the presence of applied CO, both edema formation and the cellular infiltration were absent despite ventilation (Fig. 6C) . Interestingly, under control conditions, the lung histology of cav-1 Ϫ/Ϫ mice (Fig. 6D ) was comparable with that of wt mice (Fig. 6A ). Mechanical ventilation led to massive lung injury in cav-1 Ϫ/Ϫ mice (Fig. 5E ) that was more pronounced than in wt mice (Fig. 6B) . Although CO exerted protective effects in wt mice (Fig.  6C) , these effects were absent in cav-1 Ϫ/Ϫ mice (Fig. 6F) .
Effect of Caveolin-1 Deficiency on Neutrophils and Cytokine Release. Most interestingly and contrary to our expec- tations, mechanical ventilation did not further recruit neutrophils in cav-1 Ϫ/Ϫ mice compared with wt mice (Fig. 7A ). However, CO significantly reduced neutrophil influx in ventilated wt mice, but did not impact neutrophil influx in cav-1 Ϫ/Ϫ mice. To validate this observation, BAL cytokines and chemokines were measured ( Fig. 7B and C) . IL-6 and MIP-2 were elevated in ventilated wt mice compared with control animals. The presence of CO during ventilation diminished both IL-6 and MIP-2 levels in wt mice. In cav-1 Ϫ/Ϫ mice, IL-6 levels were further increased in response to mechanical ventilation, relative to wt mice. CO application significantly reduced ventilation-induced IL-6 levels in both wt and cav-1 Ϫ/Ϫ mice.
In contrast, MIP-2 levels in response to ventilation were comparable between wt and cav-1 Ϫ/Ϫ mice and were not significantly reduced by CO in cav-1 Ϫ/Ϫ mice.
DISCUSSION
In this study, we have demonstrated that mechanical ventilation with 12 mL/kg for 8 hours induced severe lung injury as reflected by histologic evaluation of lung sections, increased protein concentrations in the BAL, and infiltration of macrophages and neutrophils. CO administration at low concentration (250 parts per million) significantly reduced all lung injury parameters.
The effectiveness of applying low-dose CO to use its organ protective effects has been established in many in vitro and in vivo studies over the last decade (reviewed in Refs. [3, 4] ). Presently, several ongoing clinical studies address the effectiveness of CO treatment in humans (National Institutes of Health, www. clinicaltrials.gov). In animal experiments, CO confers tissue protection through antiproliferative, antioxidative, vasodilatory, anti-inflammatory, and membrane stabilizing characteristics (18, 19) . The latter two are most important regarding the development of VILI. For instance, our laboratory has recently demonstrated the beneficial effects of CO administration against lipopolysaccharide-induced lung injury in overventilated rats (7) . The data in this study show that in a mouse model using moderate tidal volumes (12 mL/kg), mechanical ventilation led to a significant degree of lung injury that was abolished in the presence of CO. Given these protective properties of CO during mechanical ventilation, we attempted to identify the underlying mechanism. Signaling of CO might be transduced by several pathways including cyclic guanosine monophosphate (8), mitogen-activated protein kinases (18), or caveolin-1, as recently described in vitro (10) .
Our results demonstrate that mechanical ventilation induced the expression of caveolin-1 messenger RNA and protein in the lung in vivo, which was dramatically further up-regulated by the application of CO during ventilation. Caveolin-1 orchestrates membrane trafficking, endocytosis, regulation of cholesterol, and signal transduction in cellular growth and apoptosis (reviewed in Ref. 20) . Interestingly, in endothelial cells, caveolin-1 seems to play an important role in mechanotransduction (16) . Previous in vitro data on caveolin-1 expression on flow-mediated shear stress in lung endothelial cells increased caveolin-1 density at the luminal plasma membrane (21) . Lung caveolin-1 expression is not restricted to endothelial cells but includes type I epithelial cells (11) . Here we show for the first time that mechanical stress by the means of mechanical ventilation induced caveolin-1 in lung epithelial cells. Immunohistochemistry and confocal microscopy of epithelial cells demonstrated basal expression of caveolin-1 in the alveolar luminal surface that was further enhanced by ventilation. These cells cover Ͼ95% of the internal surface area, which is consistent with our finding that increased expression of caveolin-1 at the luminal surface is paralleled by upregulation of caveolin-1 protein in whole lung homogenates.
We hypothesized that caveolin-1 upregulation by ventilation alone might reflect an adaptive mechanism to reduce stretch-induced lung injury. Therefore, we used the mouse VILI model in cav-1 Ϫ/Ϫ mice. Our results show clearly that caveolin-1 deficiency aggravated lung injury in response to mechanical ventilation, most pronounced with respect to protein leakage, edema formation, and macrophage infiltration. It has been described that cav-1 Ϫ/Ϫ mice exert increased microvascular permeability (22) and pre-existing lung injury (17, (22) (23) (24) , which may contribute to the susceptibility to VILI in these mice. However, our results did not reveal significant alterations in lung morphology under control conditions between wt and cav-1 Ϫ/Ϫ , with the exception of a trend in elevated BAL protein concentrations in cav-1 Ϫ/Ϫ controls without ventilation. The latter is most likely based on impaired caveolaemediated transcytosis that is thought to be the primary transport path for albumin at physiologic concentration (13) . Thus, the clearance of alveolar proteins in the intact lung depends on caveolae (14) . Most interestingly, caveolae-mediated transcytosis at high-protein concentrations seems to play a minor role (14) . In this respect, an increased nitric oxidedependent paracellular protein transport may compensate for the lack of caveolae in cav-1 Ϫ/Ϫ animals (22) .
The precise mechanism responsible for the higher susceptibility to mechanical ventilation in cav-1 Ϫ/Ϫ mice remains unclear. Cav-1 serves as a major signaling protein, which interacts with and modulates the activation state of several major cellular signaling pathways, e.g., mitogen-activated protein kinases, integrins, and nitric oxide synthases. For instance, it has been reported that cav-1 deficiency leads to activation of the endothelial isoform of nitric oxide synthases thus overproducing nitric oxide (15) . As a possible consequence, increased nitric oxide levels may have aggravated lung injury in response to ventilation in our model. However, whether nitric oxide promotes or inhibits the development of VILI is still controversial (25) (26) (27) . Studies that systematically investigate the influence of nitric oxide in a long-term model of VILI with moderate tidal volumes, as we applied, are not available.
We chose to measure neutrophil fraction, IL-6, and MIP-2 as indicators of a potentially altered immunoresponse in cav-1 deficiency. Neutrophil infiltration is thought to play an essential role in the development of lung injury after mechanical ventilation (28) . It is important to note that in this study, neutrophils were measured as a fraction of the sum of macrophages and neutrophils in the BAL. As mentioned earlier in this article and as reported previously by our laboratory, neutrophils are not detectable in control lungs and migrate into the lungs upon mechanical ventilation (29) . Intriguingly, neutrophil recruitment into the lung was not further increased in cav-1 Ϫ/Ϫ mice and comparable with wt animals. These immune cells migrate upon stimulation from the endovascular to the alveolar space passing the endothelial and the epithelial cell barrier. It has been demonstrated by others that cav-1 deficiency inhibits the endothelial transmigration of neutrophils upon proinflammatory stimuli (15, 30) . In this regard, neutrophil migration depends at least in part on transcytosis that is facilitated by a number of mediators (i.e., vascular endothelial growth factor receptor, platelet endothelial adhesion molecule-1, or intercellular adhesion molecule-1). These molecules are ei- ther located within or translocate to caveolae upon proinflammatory stimuli (31) (32) (33) . Furthermore, it has been demonstrated that endocytosis and transcytosis processes are impaired in cav-1 deficiency (22) . Also, neutrophils express caveolin-1 (34) . The attachment of neutrophils in cav-1 Ϫ/Ϫ mice is severely inhibited and their ability to transmigrate over cellular barriers impaired (34) . Therefore, inhibition of neutrophil migration would most likely explain the lack of a further neutrophil infiltration in cav-1 Ϫ/Ϫ mice in our model.
The cytokine IL-6 and the small chemokine MIP-2 are known to be upregulated in response to mechanical ventilation with high tidal volumes and represent major regulators of neutrophil recruitment into the lung. In pilot experiments, we observed these cytokines and chemokines to be present at 8 hours of mechanical ventilation (data not shown). Most interestingly, the release of the neutrophil chemoattractant MIP-2 upon mechanical ventilation in cav-1 Ϫ/Ϫ animals was not further increased as compared with wt and paralleled the migration pattern of neutrophils. These results are surprising because MIP-2 is produced by macrophages that are outnumbered in cav-1 deficiency compared with wt after ventilation. Nevertheless, cytokines and chemokines seem to be differentially regulated in cav-1 deficiency upon proinflammatory stimuli (35) . Regarding the influence of caveolin-1 on MIP-2 release, we provide evidence that MIP-2 regulation is not dependent on cav-1 expression and furthermore, an increase in MIP-2 production that would represent aggravated lung injury seems to be prevented in cav-1 deficiency. Because of the lack of data on MIP-2 in cav-1 deficiency, we can only speculate on possible explanations for this observation. The release of IL-8, a functional human homolog of mouse MIP-2, in response to proinflammatory stimuli has been shown to be inhibited in vascular endothelial and renal epithelial cell lines with disrupted caveolae (36 -38) . Here, altered pathways such as the mitogen-activated protein kinases, activation of sphingomyelinase, or toll-like receptors might play a role. However, the role of caveolin-1 in the regulation of IL-8 is far from understood and its impact on MIP-2 in the lung in response to mechanical stress is literally unknown.
In contrast to neutrophils and MIP-2, IL-6 production was substantially up-regulated in ventilated cav-1 Ϫ/Ϫ mice compared with wt. IL-6 is secreted by macrophages and might on one hand reflect the tremendous increase of macrophages in the BAL. Even though total cell count in the BAL includes all cells containing nuclei, macrophages represent the majority of these cells. On the other hand, previous reports from us and others demonstrated elevated IL-6 levels in cav-1 Ϫ/Ϫ macrophage cell lines (12, 35) . As reported earlier, lipopolysaccharide challenge of a macrophage cell line resulted in significant IL-6 production that was even further increased when cav-1 was silenced (12) . Conversely, overexpression of cav-1 in these cells led to a significant decline of IL-6 protein providing evidence for anti-inflammatory role of cav-1. This assumption from in vitro data is in agreement with our in vivo results showing for the first time that IL-6 release after mechanical ventilation is pronounced in the absence of caveolin-1.
Because CO further up-regulated caveolin-1 that correlated with increased protection from VILI, we speculated that CO protection requires caveolin-1. In fact, whereas CO exerted major protective effects in wt mice, this was no longer the case in caveolin-1 deficiency. Protein leakage, edema formation, and macrophage and neutrophil infiltration, which were prevented in wt mice by COadministration, were not reduced by CO treatment in cav-1 Ϫ/Ϫ animals. However, cytokine upregulation (i.e., IL-6) was partially inhibited by CO in both strains with comparable effectiveness. Thus, the inhibitory effect of CO on IL-6 production seems to be independent of caveolin-1 in this model. Previous studies from this laboratory have suggested a relationship between caveolin-1 and CO-mediated tissue protection. For example, CO application induced caveolin-1 in neointimal lesions of injured rat aorta coincident with a tissue protection (10) . In addition, depletion of cav-1 using small interfering RNA abolished the antiproliferative effect of CO in pulmonary smooth muscle cells. In agreement with previous studies, the present investigation indicates that CO requires caveolin-1 to execute its protective effects during mechanical ventilation. Furthermore, these studies identify caveolin-1 as a novel therapeutic target for modulating the outcome of VILI.
CONCLUSIONS
In summary, mechanical ventilation with moderate tidal volume led to a substantial degree of lung injury that was prevented in the presence of CO. Caveolin-1, the major structural protein of caveolae, plays a crucial role in limiting lung injury during mechanical ventilation and mediates the protective effects of CO application.
